1. Introduction {#sec1}
===============

Topics related to mycotoxins are of great importance as they pose a real threat to food safety and can cause significant economic losses. They can be found in different commodities of plant origin such as cereals. These grains are extremely vulnerable to fungi and to the production of mycotoxins especially in the field under stress conditions or in storage when conditions like warm temperature and high moisture are met ([@bib4]). It was shown that 25% of cereals approximately consumed in the world are contaminated by mycotoxins especially aflatoxins ([@bib13]).

Among cereals, maize is the main agricultural product and the most popular cereal grains. It is widely consumed because is considered as an important nutrient source. For instance, maize contains proteins and antioxidants than many other cereal grains ([@bib24]). However, maize is liable to infection with aflatoxigenic fungi and consequently contamination with aflatoxins ([@bib40]; [@bib12]).

During 2017, Morocco imported a total of 2.08 million tons of maize mainly from United States and European Union ([@bib23]). The climate in Morocco, characterized by high moisture and temperature, promotes probably the growth of fungi and the secretion of these toxins.

Among aflatoxins currently known, AFB1, AFB2, AFG1 and AFG2 still are of major concern. They are difuranocoumarin derivatives, polar, low-molecular-weight, toxic secondary metabolites produced by some species of filamentous fungi. *Aspergillus flavus* and *Aspergillus parasiticus* grow during storage and are the major producers of these mycotoxins ([@bib4]). In addition, toxicological data revealed that many aflatoxins show acute and chronic toxicity including carcinogenic, mutagenic, immunotoxic and hepatotoxic effects in human and animals ([@bib2]; [@bib31]). The AFB1 is the most toxic among them and is classified as a group I human carcinogen by the International Agency for Research on Cancer ([@bib16]). Both availability of toxicological data and their occurrence in wide range of food commodities intended for human consumption are considered as main factors leading to the establishment of a very stringent tolerance ([@bib36]). In the first place, regulations have been established to minimize human health risks from these compounds. The maximum limits set by EU regulations for AFB1 and sum of aflatoxins (AFB1 + AFB2 + AFG1 + AFG2) in maize range from 2 μg/Kg to 4 μg/Kg, respectively ([@bib10]). Therefore, monitoring aflatoxins levels in agricultural product is necessary to ensure the quality of the food supply.

Aflatoxins are amenable to determination by different chromatographic techniques such as thin layer chromatography (TLC) ([@bib35]) and liquid chromatography with fluorescence detection (LC/FLD) using pre- or post-column derivatization ([@bib15]).

In fact, a few quantitative studies have been published to determine related group aflatoxins in food using liquid chromatography coupled to tandem mass spectrometry (LC MS/MS) ([@bib33]; [@bib7]; [@bib22]; [@bib28]; [@bib38]).

These techniques require sample preparation (extraction and purification) procedures to ensure accurate quantification and they involve liquid/liquid extraction, solid phase extraction or immunoaffinity chromatography. Recently, QuEChERS (Quick, Easy, Cheap, Effective, Rugged, and Safe) method, which was first used for the analysis of pesticides in fruits and vegetables ([@bib1]), has increasingly applied due to its ease of use and suitability for extraction of mycotoxins from complex matrices ([@bib12]; [@bib37]; [@bib20]). This procedure is based on an extraction with acetonitrile followed by liquid--liquid partition after the addition of salts (MgSO~4~ and NaCl).

Actually, LC/FLD in combination with immunoaffinity column (IAC) is a reference method and still remains the method of choice for determination of aflatoxins. However, this method requires not only purification steps that are time consuming but also pre- or post-column derivatization ([@bib14]).

Liquid chromatography coupled to tandem mass spectrometry (LC MS/MS) is currently the most used technique in the detection of mycotoxins. It can be applied without clean-up procedure and derivatization owing to its high selectivity and sensitivity ([@bib29]).

The aim of this study was to optimize and establish a rapid high-performance liquid chromatography tandem mass spectrometry (HPLC--MS/MS) method for the simultaneous determination of aflatoxins (AFB1, AFB2, AFG1 and AFG2) in maize commercialized in Morocco, using a QuEChERS extraction method without any further clean-up steps.

2. Experimental {#sec2}
===============

2.1. Reagents and chemicals {#sec2.1}
---------------------------

Methanol (MeOH) was purchased from Honey Well (Honey Well International Inc., USA) and acetonitrile (MeCN) from Sigma--Aldrich (St. Louis, USA). All organic solvents were HPLC MS grade. Anhydrous magnesium sulfate (MgSO~4~), sodium chloride (NaCl) and ammonium acetate (CH~3~COONH~4~) were all of analytical grade. Ultrapure water (resistivity 18.2 MΩ.cm) was obtained from ELGA purification system (Veolia water, Solutions and technologies, Germany). Cellulose Syringe filters (15 mm, 0.2 μm) were obtained from ALBET.

The individual standard solution with concentrations of 2.01 μg/mL for AFB1 and AFG1, 0.525 μg/mL for AFB2 and 0.501 μg/mL for AFG2 were purchased from Novakits (Nantes, France).

2.2. Preparation of working solution {#sec2.2}
------------------------------------

Appropriate volumes of individual standard solutions (125 μL for AFB1 and AFG1, 450 μL for AFB2 and AFG2) were diluted to 5 mL with acetonitrile/water (50:50, v/v), resulting in an intermediate mixed solution of 0.05 μg/mL for AFB1 and AFG1, 0.047 μg/mL and 0.045 μg/mL for AFB2 and AFG2, respectively.

2.3. Preparation of solvent calibration curves {#sec2.3}
----------------------------------------------

In order to prepare the calibration curves in solvent, aliquots of 5, 10, 15, 20 and 25 μL of intermediate mixed solution were taken and diluted to 1 ml with acetonitrile/water (50:50, v/v) yielding a five concentration levels: 0.25, 0.5, 0.75, 1, 1.25 ng/mL for AFB1 and AFG1; 0.235, 0.47, 0.705, 0.94, 1.175 ng/mL for AFB2 and 0.225, 0.45, 0.675, 0.9, 1.125 ng/mL for AFG2. Both individual standard solution and intermediate mixed solution were stored in amber flask and kept in freezer at −18 °C until analysis.

2.4. Mobile phase and gradient elution {#sec2.4}
--------------------------------------

Three different mobile phase were investigated. Eluent A was water. Acetonitrile, methanol and methanol containing 5 mM ammonium acetate were tested separately as eluent B. The same gradient elution was applied to these three types of the mobile phase. The proportion of eluent B was linearly increased from 10% to 100% within 4 min, and kept constant for 2 min. The column was re-equilibrated with 10% of eluent B for 3 min.

2.5. Instrumentation {#sec2.5}
--------------------

Detection was performed using a HPLC system Agilent 1290 Infinity II (flexible pump, vial sampler, MCT) equipped with an Agilent JetStream electrospray ionization (ESI) source and a 6470 series Triple Quadrupole LC/MS (Agilent technologies, Germany).

Chromatographic separation of aflatoxins was carried out with Zorbax Eclipse C-18 column with 3 mm internal diameter, 50 mm length and 1.8 μm particle size (Agilent technologies, USA). The flow rate of the mobile phase was fixed to 0.6 mL/min and the injection volume for the HPLC system was 5.0 μL. The column oven was maintained at 40 °C.

For MS/MS detection, the ESI interface was used in positive polarity with the following settings: The capillary voltage 3.5 kV, the capillary gas flow 8 L/min, source temperature 300 °C, nozzle voltage 500 V, nebulizer gas pressure 45 psi, desolvation gas flow 12 L/min, desolvation gas temperature 400 °C. Collision-induced dissociation (CID) was performed using nitrogen (10--30 psi) with a high purity (99.99%). The nitrogen used as nebulizer gas and also as desolvation gas was produced by a nitrogen generator.

MRM transitions for each aflatoxin were optimized using single MS full scan mode followed by product ion scan mode after injection of intermediate mixed solution, so as to select one precursor and two product ions per compound for both quantification and confirmation purposes. The response was calculated as the peak area for all compounds in the MRM chromatogram, and was used to determine the concentration of a compound in the sample.

2.6. Samples and sample preparation {#sec2.6}
-----------------------------------

Ground maize samples commercialized in Morocco were collected from a local market (Agadir city, Morocco). These samples were extracted and analyzed using the method described below.

Aflatoxins were extracted from maize according to QuEChERS method with some modification ([@bib27]). Briefly, in a 50 mL polypropylene tube, 1 g of ground and homogenized maize sample was extracted with 3 mL of methanol-acetonitrile solution (60:40, v/v) and vortexed for 1 min using a VF2 Junkelkunkel (IKA-Labortechnik). Then, anhydrous MgSO~4~ (1.32 g) and NaCl (0.25 g) were added and the tube was shaken for 1 min to obtain phase separation. The mixture was centrifuged for 5 min at 4000 rpm on an EBA 21 (Hettich Zentrifugen, Germany). Finally, 0.5 mL of the upper organic phase was filtered through a 0.2 μm cellulose syringe filter and directly injected into LC-MS/MS.

2.7. HPLC-MS/MS method optimization {#sec2.7}
-----------------------------------

In order to improve the chromatographic separation and to increase the MS response, different mobile phases were tested: Both acetonitrile and methanol mixed with water, and methanol mixed with water containing ammonium acetate buffer. Concerning the optimization of MS/MS conditions, the first step was the determination of precursor ions and the determination of the most intensive and characteristic product ions. For each compound, three transitions were exploited in MRM mode which were also optimized by varying collision energy. The operation began with the injection of 5 μL of intermediate mixed solution containing AFB1 (0.05 μg/mL), AFB2 (0.047 μg/mL), AFG1 (0.05 μg/mL) and AFG2 (0.045 μg/mL).

2.8. Validation study {#sec2.8}
---------------------

The optimized method was validated for the four selected aflatoxins in maize according to NF standard T90-210 ([@bib21]) and taking into account the respective acceptability criteria in the European Commission regulation ([@bib11]).

The different characteristics of the proposed method such as linearity and linear range, limits of detection (LOD) and quantification (LOQ), recoveries, selectivity and precision were evaluated.

### 2.8.1. Linearity {#sec2.8.1}

In this study, five concentration levels of aflatoxin standard solutions ranging from 0.225 to 1.25 ng/mL were analyzed to evaluate the linearity of the calibration curves. Linearity confirmation was achieved with lack-of-fit Fisher test. Normality was investigated with a Shapiro Wilk test. Outliers and Homogeneity of variances were studied with Grubbs test (Maximum Normed Residual) and Cochran test, respectively.

### 2.8.2. LOD and LOQ {#sec2.8.2}

LODs and LOQs were estimated for a signal to noise ratio (S/N) of 3 and 10 using Eqs. [(1) and (2)](#fd2){ref-type="disp-formula"} respectively, by spiking samples at the lowest level validated of each target analyte.$$\mathbf{L}\mathbf{O}\mathbf{D} = \frac{\mathbf{l}\mathbf{o}\mathbf{w}\mathbf{e}\mathbf{s}\mathbf{t}\ \mathbf{s}\mathbf{p}\mathbf{i}\mathbf{k}\mathbf{e}\mathbf{d}\ \mathbf{l}\mathbf{e}\mathbf{v}\mathbf{e}\mathbf{l}}{\mathbf{a}\mathbf{v}\mathbf{e}\mathbf{r}\mathbf{a}\mathbf{g}\mathbf{e}\ \mathbf{o}\mathbf{f}\ \mathbf{S}/\mathbf{N}} \times 3$$$$\mathbf{L}\mathbf{O}\mathbf{Q} = \frac{\mathbf{l}\mathbf{o}\mathbf{w}\mathbf{e}\mathbf{s}\mathbf{t}\ \mathbf{s}\mathbf{p}\mathbf{i}\mathbf{k}\mathbf{e}\mathbf{d}\ \mathbf{l}\mathbf{e}\mathbf{v}\mathbf{e}\mathbf{l}}{\mathbf{a}\mathbf{v}\mathbf{e}\mathbf{r}\mathbf{a}\mathbf{g}\mathbf{e}\ \mathbf{o}\mathbf{f}\ \ \mathbf{S}/\mathbf{N}} \times 10$$

### 2.8.3. Recovery {#sec2.8.3}

Recovery experiments were studied by spiking ground maize at levels: 0.5, 2.5, 5 and 10 μg/Kg for AFB1 and AFG1; 0.47, 2.35, 4.70 and 9.40 μg/Kg for AFB2; 0.45, 2.25, 4.5 and 9 μg/Kg for AFG2. References values adopted for recovery evaluation were set by the EC (2006) ([@bib11]). Recoveries were calculated using [Eq. (3)](#fd3){ref-type="disp-formula"}.$$\mathbf{R}\mathbf{e}\mathbf{c}\mathbf{o}\mathbf{v}\mathbf{e}\mathbf{r}\mathbf{y}\ \left( \text{\%} \right) = \ \frac{\mathbf{m}\mathbf{e}\mathbf{a}\mathbf{s}\mathbf{u}\mathbf{r}\mathbf{e}\mathbf{d}\ \mathbf{c}\mathbf{o}\mathbf{n}\mathbf{c}\mathbf{e}\mathbf{n}\mathbf{r}\mathbf{a}\mathbf{t}\mathbf{i}\mathbf{o}\mathbf{n}\ \mathbf{f}\mathbf{o}\mathbf{r}\ \mathbf{s}\mathbf{p}\mathbf{i}\mathbf{k}\mathbf{e}\mathbf{d}\ \mathbf{s}\mathbf{a}\mathbf{m}\mathbf{p}\mathbf{l}\mathbf{e}}{\mathbf{t}\mathbf{h}\mathbf{e}\mathbf{o}\mathbf{r}\mathbf{e}\mathbf{t}\mathbf{i}\mathbf{c}\mathbf{a}\mathbf{l}\ \mathbf{s}\mathbf{p}\mathbf{i}\mathbf{k}\mathbf{e}\mathbf{d}\ \mathbf{c}\mathbf{o}\mathbf{n}\mathbf{c}\mathbf{e}\mathbf{t}\mathbf{r}\mathbf{a}\mathbf{t}\mathbf{i}\mathbf{o}\mathbf{n}}\  \times 100$$

### 2.8.4. Precision {#sec2.8.4}

For the estimation of the method precision, the mean recoveries were compared with theoretical spiked concentration. The recovery study was also used to evaluate repeatability (precision), and four replicates were carried out for each level (intra-day precision). Three separates runs were performed for a period of three days to evaluate intermediate reproducibility (inter-day precision).

### 2.8.5. Selectivity {#sec2.8.5}

Selectivity of the method was studied by analyzing both blank and spiked samples based on the monitoring of characteristic transition of each analyte in the appropriate retention time.

3. Results and discussion {#sec3}
=========================

3.1. HPLC-MS/MS method optimization {#sec3.1}
-----------------------------------

### 3.1.1. Effects of mobile phase composition {#sec3.1.1}

Aflatoxins were analyzed in electropray positive ionization (ESI^+^) operating in single-MS full scan mode.

In order to attain the optimal conditions and to control the degree of the ionization of aflatoxins in ESI^+^ mode, mobile phases consisting of acetonitrile/water, methanol/water and methanol/water containing 5 mM CH~3~COONH~4~ were tested. It has been widely reported that aflatoxins are better ionized in positive mode ([@bib28]; [@bib20]). Methanol and acetonitrile are usually used as the organic mobile phase eluent in liquid chromatography coupled to mass spectrometry analysis since they affect quality of chromatographic separation and improve analyte ionization ([@bib26]). Also, the addition of buffers to the mobile phase often results in more efficient ionization and gives better peak shapes. However, higher concentrations should be avoided to prevent ion suppression in ESI ([@bib39]). [Fig. 1](#fig1){ref-type="fig"} indicates that there is a significant influence of the mobile phase composition on the ionization efficiency. The mobile phase consisting of methanol/water is favourable to the ionization and leads to an increase in observed signals (peak area), while the use of acetonitrile leads to much lower signals. In addition, the use of 5 mM ammonium acetate buffer enhances sensitivity and this is in agreement with previous studies ([@bib28]; [@bib5]). AFG2 was the single compound for which the intensities remained relatively stable whatever the mobile phase used. Thus, methanol/water containing 5 mM CH~3~COONH~4~ was selected as the best mobile phase eluent.Fig. 1Evolution of the Aflatoxin peak area versus the composition of the mobile phase (ESI^+^, Full scan mode).Fig. 1

### 3.1.2. Optimization of MRM transitions {#sec3.1.2}

Determination of the optimal MRM transitions for each aflatoxin was conducted using MS full scan mode followed by product ion scan mode using aflatoxin intermediate mixed solution.

Scanning between 100 and 500 m/z shows the molecular ion of aflatoxin B1 at m/z 312.9, aflatoxin B2 m/z at 314.9, aflatoxin G1 at m/z 328.9 and aflatoxin G2 at m/z 330.9. All precursors ions exhibited responses in ESI^+^ mode and lead to a protonated molecular ions \[M + H\]^+^. Molecular ions with sodium adducts \[M + Na\]^+^ were also formed. The full mass spectra obtained show that aflatoxins are easily ionized in ESI^+^ mode. AFB1 and AFB2 were better ionized as hydrogen adducts \[M+ H\]^+^ representing the more abundant form. The abundance of the two forms of precursor ions for AFG1 and AFG2 were relatively similar ([Fig. 2](#fig2){ref-type="fig"}). Hence, the protonated molecular ions were finally chosen for all analytes.Fig. 2Full-scan mass spectra of \[M + H\]^+^ and \[M + Na\]^+^ precursor ions for Aflatoxin B1 (m/z 312.9 and 334.9), Aflatoxin B2 (m/z 314.9 and 336.9), Aflatoxin G1 (m/z 328.9 and 350.9) and Aflatoxin G2 (m/z 330.9 and 352.9).Fig. 2

Once the precursor ions were identified, the optimum collision energy for MRM transitions for each aflatoxin was performed. Only three product ions for each precursor ion were selected after using product ion scan mode and optimized by varying collision energy between 20 and 41 V. The most of these fragment ions have previously been reported in the literature ([@bib32]; [@bib28]; [@bib18]). The most prominent product ions from each aflatoxin are shown in [Fig. 3](#fig3){ref-type="fig"}. Finally, two MRM transitions for each compound were selected according to the criteria for MS detection established by the European Commission ([@bib8]). The most intense MRM transition was monitored for quantification and the second most intense transition for confirmation. Optimized MS/MS parameters (precursor ions, product ions and collision energies) as well as retention times are shown in [Table 1](#tbl1){ref-type="table"}.Fig. 3Intensities of the most abundant product ions (nominal mass) corresponding to: AFB1 (A), AFB2 (B), AFG1 (C) and AFG2 (D).Fig. 3Table 1LC-ESI-MS/MS parameters for the analysis of aftatoxin B1, B2, G1 and G2 in multiple reactions monitoring (MRM) mode.Table 1AflatoxinMolecular formulaMolecular weight (g/mol)Retention time (min)Precursor ion \[M + H\]^+^ (m/z)Product ion (m/z)Dwell time (ms)Fragmentor voltage (V)Collision energy (V)B1C~17~H~12~O~6~312**3.382**313.1284.7\*5013524240.841B2C~17~H~14~O~6~314**3.277**315.1286.7\*5013529258.729G1C~17~H~12~O~7~328**3.145**329.1242.7\*5013525199.940G2C~17~H~14~O~7~330**3.026**331.1312.7\*5013528244.730[^1][^2]

Aflatoxins were eluted within 9 min, including cleaning and re-equilibration steps, without interfering peaks. Retention times were 3.026 min for AFG2, 3.145 min for AFG1, 3.277 min for AFB2 and 3.382 min for AFB1.

In [Fig. 4](#fig4){ref-type="fig"} A, the obtained MRM chromatograms and mass spectra of quantitative transitions for blank maize sample contaminated with AFB1 (2.5 μg/Kg), AFB2 (2.35 μg/Kg), AFG1 (2.5 μg/Kg) and AFG2 (2.25 μg/Kg) are illustrated.Fig. 4(A) Typical MRM chromatograms and mass spectra of quantitative transitions for aflatoxins. Blank maize sample contaminated with AFB1 (2.5 μg/Kg), AFB2 (2.35 μg/Kg), AFG1 (2.5 μg/Kg) and AFG2 (2.25 μg/Kg). (B) and (C) Real samples.Fig. 4

3.2. HPLC-MS/MS method validation {#sec3.2}
---------------------------------

The responses of each analyte (peak area) obtained in ESI^+^ MRM mode were plotted versus five concentration levels ranging from 0.225 to 1.25 ng/ml. The intercept (a), slope (b) and correlation coefficient (R^2^) were estimated with least-squares method.

### 3.2.1. Linearity {#sec3.2.1}

Several published studies describing method validation reported the correlation coefficient (R^2^) as indicator for linearity ([@bib30]; [@bib17]). Correlation coefficient (R^2^) is often used to assume the relationship between variables of the model and to assess the quality of the fit. It is noteworthy that this approach is not appropriate for evaluation of linearity ([@bib34]).

In the present study, the calibration curves established were linear for all analytes over the studied range with satisfactory correlation coefficients (R^2^) between 0.9917 and 0.9946. All statistical tests were performed at significance level α = 0.01. Normal distribution of responses was confirmed with the Shapiro Wilk test $\left( {W_{\text{test}} > W_{\text{critical}}} \right)$. Verification of outliers was conducted with Maximum Normed Residual Test (Grubbs test) for different responses and no outliers were detected $\left( {G_{\text{test}} < G_{\text{critical}}} \right)$. Homogeneity of variances was confirmed in all cases after applying Cochran test $\left( {C_{\text{test}} < C_{\text{critical}}} \right)$.

In order to evaluate linearity, the results obtained were submitted to a lack-of-fit Fisher test (F test) based on the analysis of variance (ANOVA). The F-values calculated for regression $\left( F_{R\ } \right)$ and lack-of-fit $\left( F_{\text{LF}} \right)$ were compared with F-distribution values corresponding to $F_{{({1 - \text{α}})},1,\ N - p}$ and $F_{{(1 - \text{α})},\text{p} - 2,\ N - p}$, respectively, with a significance level α = 0.01 and 1, *p-*2, *N-p* degrees of freedom $\left( {N = \sum\limits_{i = 1}^{p}n_{i}} \right)$. The linear regression model explains variation $\left( {F_{R\ } > F_{{(1 - \text{α})},1,\ N - p}} \right)$ and the studied range was acceptable $\left( {F_{\text{LF}} < F_{{(1 - \text{α})},\text{p} - 2,\ N - p}} \right)$ confirming the linearity for the four analytes. The regression parameters obtained are summarized in [Table 2](#tbl2){ref-type="table"}.Table 2Calibration curve equations (mean ± standard deviation, n = 5) and statistical tests used for linearity assessment.Table 2AflatoxinsEquationR^2^NormalityMaximum normed residualHomogeneity of variancesRegressionLack-of-fitW~Test~ (5 levels)W~Critical~G~Test~ (5 levels)G~Critical~C~Test~C~Critical~FF~Critical~FF~Critical~AFB1y = (893.67 ± 67.05)x -- (17.94 ± 33.88)0.9934**0.815--0.9630.6861.35--1.701.7640.4060.6331155.97.8232.823.67**AFB2y = (1086.24 ± 76.90)x -- (24.71 ± 28.18)0.9946**0.722--0.9820.6861.14--1.641.7640.3360.6331228.57.8231.953.67**AFG1y = (710.97 ± 41.57)x + (0.94 ± 9.80)0.9923**0.809--0.9180.6861.53--1.711.7640.3250.633992.97.8231.083.67**AFG2y = (731.35 ± 29.03)x -- (14.08 ± 25.20)0.9917**0.740--0.9460.6861.20--1.741.7640.3860.6331245.77.8231.843.67**[^3][^4][^5][^6][^7]

### 3.2.2. LOD and LOQ {#sec3.2.2}

The LOD and LOQ for each aflatoxin were determined using signal-to-noise ratio (S/N) of 3 and 10 at the lowest validated level. Signal-to-noise ratio (S/N) for each compound was provided by Agilent MassHunter Software. The LODs and LOQs estimated in maize are listed in [Table 3](#tbl3){ref-type="table"}. A comparison of the obtained LODs and LOQs with the maximum limits set by EU for aflatoxins in maize (2 μg/Kg for AFB1 and 4 μg/Kg for total aflatoxins) reveals the suitability of the proposed method for the application of the regulation. This approach is the commonly adopted to estimate LOD and LOQ ([@bib30]; [@bib6]; [@bib19]; [@bib38]). Some authors mentioned linearity based method which consists of 3 and 10 times the standard deviation slope divided by the intercept of the calibration curve ([@bib34]; [@bib25]). The LODs obtained in this study are slightly higher or comparable with those reported by other authors using MRM mode for the analysis of aflatoxins in maize without purification procedures ([@bib30]; [@bib3]; [@bib19]).Table 3Mean recoveries of aflatoxins spiked at levels in the range 0.45--10 μg/Kg in maize sample, Relative Standard Deviation value (RSD), limit of detection (LOD) and limit of quantification (LOQ). Aflatoxins detected in analyzed maize samples.Table 3AflatoxinsConcentration (μg/Kg)Mean recovery (%)RSD (%)\
Intra-day precision (n = 4)RSD (%)\
Inter-day precisionLOD (μg/Kg)LOQ (μg/Kg)Sample 1Sample 2AFB10.560.153.26.90.160.54\<LOQ\<LOQ2.591.791.56.3599.801.62.41089.901.13.3AFB20.4762.627.67.60.110.36\<LOQ\<LOQ2.3562.132.44.84.7067.601.22.39.4062.100.91AFG10.562.923.610.10.361.19\<LOQ\<LOQ2.5102.141.825109.401.71.910101.701.41.8AFG20.4576.6010.810.80.160.52\<LOQ\<LOQ2.2580.862.94.84.5089.922.59.0082.21.61.6

### 3.2.3. Selectivity {#sec3.2.3}

The selectivity of the method was studied both by the specificity of the retention times and by the detection based on the monitoring of the MRM transition for each target analyte. No co-eluting peaks were observed in the appropriate retention time and this allows a selective determination of aflatoxin (AFB1, AFB2, AFG1 and AFG2).

### 3.2.4. Recovery and precision {#sec3.2.4}

Satisfactory recoveries were achieved in case of the addition of different concentration of aflatoxins (B1, B2, G1 and G2) in blank maize sample. For recoveries at concentrations below 1 μg/Kg, the four compounds were in the acceptable range of 50--120%. Concerning recoveries at levels between 1 and 10 μg/Kg, only recoveries obtained for AFB2 were slightly below the acceptable range of 70--110% ([@bib11]).

As shown in [Table 3](#tbl3){ref-type="table"}, the mean recoveries values were between 60.15 % and 109.40 % for AFB1 and AFG1 at concentrations of 0.5, 2.5, 5 and 10 μg/Kg. Recoveries ranged from 62.10 % to 67.60 % for AFB2 over the concentrations of 0.47, 2.35, 4.70 and 9.40 μg/Kg, and from 76.60 % to 89.9 % for AFG2 at concentrations of 0.45, 2.25, 4.5 and 9 μg/Kg. Relative standard deviations (RSD) values for the intra-day precision and inter-day precision were acceptable as they were below 20% ([@bib9]).

These results for recoveries fulfil the requirements as regulated by the European Commission regulation EC 401/2006 ([@bib11]) at concentration levels in the range 0.45--10 μg/Kg except for AFB2, for which the recoveries were in the range of 62.10--67.60 %.

On the one hand, purification step can be avoided as shown in [Table 3](#tbl3){ref-type="table"}, especially for concentrations between 2 and 10 ppb. Therefore, this method will allow the application of the regulation (2 μg/Kg for AFB1 and 4 μg/Kg for total aflatoxins), saving time and expenses. On the other hand, extraction yields obtained for levels below 1 μg/Kg need some improvements and indicate that a specific purification step is recommended.

Recoveries for AFB1 and AFG1 in maize were comparable with those achieved by [@bib29], with recoveries of 106.1% and 85.8% for AFB1 and AFG1 at concentration level of 2.5 μg/Kg with a RSD under repeatability conditions of 7.1% and 8.4%, respectively. The authors also reported recoveries of 84.1 % for AFG2 and 89.9 % for AFB2 at concentration level of 0.75 μg/Kg. In the study developed by [@bib28] to determine aflatoxins in food, the recovery obtained in maize samples ranged from 66.9 % to 108.2 % with a RSD under repeatability conditions from 8.2 to 12 % at concentration levels from 2 to 9 μg/Kg for AFB1 and AFG1, from 2.7 to 4.5 μg/Kg for AFB2 and AFG2.

Analytical figures of merit obtained in this study such as limit of detection, limit of quantification and recoveries were summarized and compared with previously reported approaches ([Table 4](#tbl4){ref-type="table"}).Table 4Analytical figures of merit of the determination of aflatoxins in maize compared with previously reported approaches: LOD, LOQ, Recovery (%) and RSD (% in the parentheses).Table 4AflatoxinsLOD (μg/Kg)LOQ (μg/Kg)ReferencesApproach usedMaximum limitsSpiked level (μg/Kg)Recovery (%)Spiked level (μg/Kg)Recovery (%)Spiked level (μg/Kg)Recovery (%)ReferencesPerformance criteria for aflatoxins (Recovery)AFB1\
AFB2\
AFG1\
AFG20.16\
0.11\
0.36\
0.160.54\
0.36\
1.19\
0.52Our resultSignal to noise ratio of 3 and 10 (S/N)2 μg/Kg for AFB1 and 4 μg/Kg for total aflatoxins in maize ([@bib10])0.50\
0.47\
0.50\
0.4560.15 (3.2)\
60.62 (7.6)\
62.92 (3.6)\
76.60 (10.8)2.50\
2.35\
2.50\
2.2591.79 (1.5)\
62.13 (2.4)\
102.14 (1.8)\
80.86 (2.9)5.00\
4.70\
5.00\
4.5099.8 (1.6)\
67.6 (1.2)\
109.4 (1.7)\
89.9 (2.0)Our result60--120% for concentrations\
\<1.0 μg/Kg\
70--110% for concentrations\
1--10 μg/Kg\
RSD \<20%\
([@bib11]; [@bib9])AFB1\
AFB2\
AFG1\
AFG20.50\
1.00\
1.00\
0.40-\
-\
-\
-[@bib30]-\
0.75\
-\
0.75-\
89.9 (9.2)\
-\
84.1 (8.3)2.50\
-\
2.50\
-106.10 (7.1)\
-\
85.80 (8.4)\
-[@bib29]AFB1\
AFB2\
AFG1\
AFG20.60\
0.60\
1.20\
3.601.90\
2.00\
4.10\
12.00[@bib19]0.50\
-\
-\
-96.5 (4.7)\
-\
-\
-2.50\
-\
-\
-103.8 (1.3)\
-\
-\
-5.00\
-\
-\
-105.8 (5.6)\
-\
-\
-[@bib38]AFB1\
AFB2\
AFG1\
AFG20.20\
0.70\
0.10\
0.400.70\
2.50\
0.30\
1.50[@bib3]-\
0.6\
-\
0.6-\
103.7 (11.8)\
-\
63.6 (2.5)2.00\
-\
2.00\
-66.9 (8.2)\
-\
74.70 (10.2)\
-[@bib28]AFB1\
AFB2\
AFG1\
AFG20.117\
0.141\
0.176\
0.2110.391\
0.469\
0.586\
0.703[@bib28]2.00\
2.00\
2.00\
2.00108.00 (23)\
120.00 (21)\
101.00 (11)\
96.00 (19)[@bib3]

3.3. Application to real samples {#sec3.3}
--------------------------------

The optimized method was applied to determine aflatoxins (AFB1, AFB2, AFG1 and AFG2) in two maize samples obtained from a local market (Agadir City, Morocco). [Fig. 4](#fig4){ref-type="fig"}B and C show the MRM chromatograms of two maize samples and aflatoxins were detected at levels below LOQ ([Table 3](#tbl3){ref-type="table"}). Therefore, these levels comply with the European Union regulation ([@bib10]).

4. Conclusion {#sec4}
=============

A HPLC-MS/MS method using ESI^+^ in MRM mode was optimized and validated for determination of aflatoxins. Ground and homogenized maize samples were extracted using a modified QuEChERS method without the need for pre-concentration or laborious purification procedure. The proposed method was easy to handle and requires smaller amounts of solvents. Firstly, chromatographic and mass spectrometric conditions in the positive ion mode were optimized in order to increase sensitivity. Secondly, the linearity was demonstrated for the four aflatoxins in the studied concentration ranges. The LOQs obtained were lower than the maximum levels set by EU. Satisfactory recoveries were achieved at concentrations below 1 μg/Kg for all compounds. Concerning the recoveries at concentrations between 1 and 10 μg/Kg, the extraction recoveries were in the acceptable ranges of 70--110 % except for AFB2. The use of triple quadrupole LC/MS system with the acquisition of MRM transitions provided good sensitivity and selectivity, as well as reliable confirmation and determination. Validation data in terms of linearity, limits of quantification (LOQ), recoveries, selectivity and precision showed that this method is acceptable to be used for routine analysis of aflatoxins in maize.
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[^1]: \* Quantification product ions.

[^2]: Highlighted in bold are Retention times 3.026 min for AFG2, 3.145 min for AFG1, 3.277 min for AFB2 and 3.382 min for AFB1.

[^3]: R^2^ correlation coefficient, (W~test~, W~critical~) Shapiro Wilk statistic, (C~test~, C~critical~) Cochran statistic, (G~test~, G~critical~) Grubbs statistic, (F, F~critical~) F statistic.

[^4]: Shapino Wilk statistic (normality) : Values in bold represent the coefficients of Shapino Wilk test (W test for 5 levels) and critical value (W critical) at 1%.

[^5]: Grubbs statistic (Maximum normed residual): Values in bold represent the coefficients of Grubbs test (G test for 5 levels) and critical value (G critical) at 1%.

[^6]: Cochran statistic (Homogeneity of variances): Values in bold represent the coefficients of Cochran test and critical value (C critical) at 1%.

[^7]: F statistic (Analysis of variance) : Values in bold represent F values and F critical for Regression, F values and F critical for lack-of-fit at %1.
